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Methods were developed for observing vibrational spectra of complexes in
molecular beams using CARS . A Raman technique such as CARS has different
sensitivities to various vibrational modes compared to infrared experiments
and thus this research provides a powerful complement to such methods.

The feasibility of using CARS was demonstrated by obtaining Raman spectra
) for molecular beams of HCN and DCN polymers in the CN and CH stretching
; regions. A force field model for the axial modes of these molecules was
’\ ! constructed by combining infrared and Raman data. Additionally, the

infrared data supported a linear structure for HCN trimer. A similar study
. of CO, clusters in the symmetric stretching region demonstrated that the
rule of mutual exclusion holds for (CO )2, supporting a slipped parallel

;; C2 structure. In preliminary experiments, rotational CARS spectra of y

.{ mo?eculg{ beams of N, monomers were obtained with Raman shifts as low as a . j
‘Al few cm 7, 111ustra%ing that these methods can be extended to the 1low »:’;1
~ frequency intermolecular mode part of the vibrational spectrum. v )
’,:: In a collaborative project with B.J. Howard and J.S. Muenter, carried out .f:::-..;
Y at Oxford University during a sabbatical leave (T.R. Dyke), infrared ,"__:
‘,ﬁ absorption spectra for molecular beams of rare gas-0CS complexes in the v N
W monomer mode reglon were obtained using tunable diode lasers. The spectya Ao
'. are rotationally resolved and the Doppler limited linewidths (0.004 cm™ °) DA
R show no evidence of vibrational predissociation broadening. Combination of P
b the infrared absorption data and microwave-infrared double resonance .j:_.‘-,.::
Do experiments gave accurate rotational and centrifugal distortion parameters -‘Q -
3 for these van der Waals molecules. Jmada
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Objectives of Project:

Intermolecular forces manifested in hydrogen bonds and van der Waals
interactions 1largely determine the properties of many important systems
such as condensed phases and macromolecules,l'2 and molecular clusters held
together by these forces may be important in atmospheric processes.3 Our
approach to studying these forces is to form molecular clusters and apply
rotational and vibrational spectroscopic techniques to determine structural
information for these complexes. The relatively weak binding between the
constituents of such complexes ensures that large amplitude vibrational
motion will o;cur. Therefore, to understand the structure and properties
of such non-rigid systems, it is important to have both rotational and
vibrational information, and the eventual goal of this research is to

determine the potential energy surfaces for vibrational motion as well as

the equilibrium geometries of the complexes.

The results of this work are of importance in a number of areas. In -

recent years there has been increasing interest in studying clusters of
molecules held together by hydrogen bonds and van der VWaals
4,5

interactions Although these interactions are quite weak, typically

one-tenth to less than one-hundredth of a normal covalent bond strengthl,
the large number of possible bonding arrangements gives them a dominant
role in the properties of condensed phases and in macromolecule structure.
Clusters involving water are of particular interest in understanding liquid
water and ice, aqueous solutions and atmospheric phenomenaz'3. In the
latter case, various water clusters have been proposed as the species

giving rise to the anomalous absorption of infrared and microwave radiation

in the atmosphere6'13. That is, it is generally found that in the vicinity
4
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of water monomer atmospheric absorption 1lines, a broad, additional
absorption is detected which is attributed to various sources such as water
clusters, as mentioned above, or as the Lorentzian wings of the monomer

lineshapesla. Our work on the rotational spectrum of (1-120)215'17 shows a

y very complex pattern which, under pressure broadened conditions, could well !i,:,
5 produce a nearly continuous spectrum. Some recent laboratory based E;&S;é
4 KGN
E measurements In the 10.4 um infrared region have indicated that water éi;ézi
‘ dimers make significant contributions to atmospheric absorption below 100°C 22}};:.
and are dominant at room temperature and below13. The information which we Sgézf'
v A
can provide is important for modelling the effects of cluster molecules in Eésgiv
atmospheric applications as well as condensed phases and macromolecules. l,gﬂ;

[SEAES
' Ultimately it should lead to a clearer picture of hydrogen bonding and van ;&E&;E.
der Waals interactions. Z;:E;E
We have developed and employed several experimental techniques to iwm '

RS

achieve these goals. Precision structural data from pure rotational

spectroscopy have been obtained by the molecular beam electric resonance

techniquea. Molecular geometries, electric dipole moments and nuclear
hyperfine constants for complexes such as (HZO)Z 17, NH3-H20 18 and others
3 have been found from these experiments. We have pioneered experiments

utilizing coherent Raman methods such as CARS for determining vibrational

, spectra of molecular beams of hydrogen bonded and van der Waals complexes

19,20 21

such as HCN clusters and CO2 clusters. In addition, quite recently

we have developed diode laser techniques for observing infrared absorption
22-24

.."..;

spectra for weakly bound complexes in molecular beams in

4y

collaborative project with B.J. Howard (Oxford University) and J.S. Muenter )

o,

o

(University of Rochester). In the following section of this report, the v

f ‘.._".'.:. ‘:‘
, experimental methods and significant results of this work will be briefly :{:{y;
: :'-::'\"::
) .qP J‘..I.
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discussed.
Current Status and Results of Project

Rotational Spectroscopy of Complexes:
Radiofrequency and microwave spectroscopy of molecular complexes were

obtained using the molecular beam electric resonance methoda'zs’zs.

In
these experiments, the complexes were produced in a free-jet expansion with
an argon carrier gas to achieve low translational and rotational
temperatures. After leaving the molecular beam source chamber, the
complexes were rotationally state selected and focused with two 50 cm long,
electrostatic quadrupole fields of 0.48 cm aperture. Electric dipole
transitions were induced in the resonance region between the two quadropole
fields with radiofrequency and microwave radiation between 0-40 GHz. After
passing through the state selection and resonance fields, the beam
molecules were detected by a mass spectrometer with a Weiss type ionizer
and 60° sector magnet mass analyzer.

The observed linewidths depended primarily on the transit time of the
molecules through the resonance field, which is 25 cm long, giving 3 kHz
widths at radiofrequencies and 20 kHz at microwave frequencies from
residual Doppler effects. From the resulting high resolution spectra,
precision rotational constants can be found from microwave transitions and
structures calculated from data for different 1isotopic species. From
radiofrequency spectra (AJ=0, AMJ = 1 transitions), accurate electric
dipole moments and nuclear hyperfine interaction constants are determined.

Comparison of these quantities with their counterparts for the free

monomers provides useful information concerning the monomer orientation in

the complex, or concerning changes in the monome. charge distribution upon
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forming a complex. The accurate rotational frequencies from the microwave
spectrum also supply centrifugal distortion constants, which contain useful
information concerning the vibrational potential. The results of these
experiments are discussed below.

The (H20)2 molecule 1is a parﬁicularly important hydrogen bonded
molecule for wunderstanding a variety of condensed phase and atmospheric

15,16

phenomena, as mentioned above. We have continued our studies of the

microwave spectrum of this molecule and have finished a series of
measurements on the K = 0 spectra of (H20)2 and (D20)2. This work17 has
shown that the a-type spectra have series of transitions which are split by
large tunneling doublings, 19,527 MHz for (320)2, in addition to series of
lines which do not show tunneling splittings. The frequencies are given in
Table 1 and the molecular constants in Table 2. These results may shed
some 1light on the atmospheric anomalous absorption problem, in that the
tunneling splittings greatly enrich the microwave spectrum of this
molecule. Additionally, the splittings are likely to be substantially
different in excited vibrational states. Thus the vibration-rotation
spectrum of this species will be very dense and, with pressure broadening,
could present a nearly continuous spectrum. In this regard, it will be
important to observe spectra for higher polymers of water which could also
contribute and some effort will be directed toward étudying trimers. An
accurate structure for (H20)3 has not been experimentally determined and

the questions of cyclic vs. chain structure327’28

and cooperative effects
are important.
The structure of NH3-320 has been determined during this project18

from the rotational constants and nitrogen quadrupole coupling constants

for this species and partially deuterated forms, and the results are shown
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Table 1

Water Dimer K=0 Frequencies

Transition Frequency
J - J (MHZ)

.-- (Hzo)z.--

I LT EA T I WS 3 LB """ s W o "8 AN Dl v~ ™ 5.0 -

27 -1 4863.16

0" +1 7354.86

1 -0 12132.70

1, +0 12321.00

3" .2 17122.61

2, =1, 24640.88

4"+ 3 29416.39

.- (920)2---

» v - 0° 9692.87
X 1 -0 10864.58
0 1 -0, 10864 .54
: 1 -0, 12036.70
. 1" -2 20557.43
!
5
> ,
3 Table 2. Water Dimer Molecular Constants (in MHz)
!
2 Type of
5 Spectrum (B+C) /2 v a 5 D,
"
:
" : R 2
3 E 6160.50 0 0 0 0.04 e
’ E 6066 .40 0 0 0 - o
4 A/B 6073.98 19526.80  -24.34  0.10 - NS
N -
» “m(Dy07p--- =
y o
¥ E 5432.29 0 0 0 - N
z E 5432.27 0 0 0 - e
X A/B 5432.36 1172.65 -0.48 . - Y
A/B (5432) (2150) - . - P>
¥ 2 2 2 2
N W o= H(B+C)I(I+1) - D IS(I+1)” £ [v/2 + aJ(I+1) + 83°(I+1)"]
N
N
%
”
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in Table 3. This molecule has a linear (or nearly linear) hydrogen bond
and the O.--H-N distance of 2.98 A is of particular interest since it is
identical to the 0:..-.0 distance in water dimer. The similarity holds in
condensed phases as well, since both ice and the 2NH3-H20 crystal have 2.84

A heavy atom separationsl'zg.

This similarity is quite surprising.
Electron pair donor-acceptor models have been used to explain the
structures of hydrogen bonded complexes. However, in such a model, NH3

would be expected to be a better electron donor than HZO’ resulting in a
stronger and shorter hydrogen bond than for (H20)2. That this is not the
case suggests that these models may not be useful in predicting hydrogen
bond strength, or that the hydrogen bond length is not a good indicator of
relative strength. In addition, no evidence for proton transfer, such as
an unusually large electric dipole moment or small nitrogen qudrupole
coupling constant was observed.

For comparison with the NH,-H,O and water dimer work, NH,:H,S and

32 3 2
HZO-HZS are being studied. Work on the H O-HZS molecule has just begun;

2
however the NH3-H2$ structure has been determined3o and the results are
given in Table 4. The structure is very similar to NH3-H20, although the
hydrogen bond is about 0.3 A longer. Again, there is no indication of
proton transfer, although naively st would be expected to be a better
proton donor than HZO' One rather novel observation for this molecule is
that in K = 1 states it shows linear Stark effects at all electric fields
employed and for J = 1-9, despite the fact that it is an asymmetric rotor
and should have quadratic Stark effects. However, if the barrier to
ammonia internal rotation is less than about 900 cm'l. we have calculated

that symmetric rotor, linear Stark effect behavior will be observed. 1I.e.

in the low barrier limit, states correlating with NH3 free rotor levels
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Table 3. Structural data for NH,-H,0

3

2

R(N.-H-OyA
R(N--D-OVA
01(NH,-H,0)/deg.
01(ND,-D,0)/deg.
8, /deg

Xo/deg

o,/cm™!

k,/mdyne/A

2.983
2979

23.1(2)
204(5)
56

~0

168 (3)
‘0.145(5)

Average Structure

Table 4. Structural Data for NH,:-H.S

3 72
R(N-.-H-S)/A 3.634
0N/deg 24.0
as/deg 47.3
xs/degl 0
ws/cm 104
ks/mdyne-A 0.072

Table S.

Structural parameters for H,S- Ar, HDS - Ar, and D,§- Ar. The effective parameters given

[4
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below are defined from various observed quantities, as discussed in the text.
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st «Ar HDS: Ar D:S +Ar
R Ay 3977 (2) 3.958 (3) 3.921 (4) p
{cos 8" 0.187 (30) 0.194 (30) 0.221 (30) XN
" {cos’ yun) 0.670 (11) e ... Py
. w, (em™) 222(2) 2242 24.7(2) A
5 k, (mydn A™") 0.0053 (1) 0.0055 (1) 0.0068 (1) A
:' Acute Obtuse Acute , Obtuse Acute Obtuse ‘:'_-‘:;'
e St
) H;S- Ar HDS- Ar DS Ar P
Yun (deg) 35.1 144.9 (1.0) . e e e AT
¥ (deg)® 79.2 100.8 (2.0) 78.8 101.2 (2.0) 77.2 102.8 (2.0) N
X' (degF 336 1464 (1.5 272 152.8 (3.0) o fee iy
Rus (A) 3.967 3.988 3919 3.999 3.899 3.945 NN
NN

* Errors quoted assume +15° uncertainty in angular geometry.
" Errors quoted reflect uncertainty in induced moment caiculation.
°x’ = x; for H;S-Ar and xy, for HDS - Ar.
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will behave like a symmetric top, giving the observed linear Stark effects
and absence of K-doubling. We are currently re-investigating the NH3-H20
spectrum for such effects since the presumably higher barrier to internal
rotation for this species and for the fully deuterated analog (which is
easier to produce than ND3-DZS) may allow the barrier height to be

accurately calculated rather than only an upper limit placed.
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It is quite important to point out that the NH3-H28 internal rotation

result and the water dimer tunneling doubling result show clearly that

>
.

~1R.

Ei tunneling effects are pervasive in hydride-complexes with permutation
;3 symmetry, even though the a-type microwave spectrum may appear to be that
;; of a rigid rotor. Several years ago we found that all transitions in the
;: a-type rotational spectrum for (HF)2 were split by a tunneling doubling of
- 19,747 MH225’31. For monomer constituents more complex than linear

molecules, the above results show that a "normal" a-type spectrum does not
preclude large-amplitude tunneling motions from occurring. The vibrational
spectra of these molecules may be very complex because of these motions,
and the pure rotational spectroscopy done here and in other labs for these

complexes may be crucial in achieving assiguments.

Some work 1Is 1in progress to look at very weak complexes such as

a

“

'
>

Ar-H,0, N2-H20 and H,S-Ar.  The H,S-Ar rotational spectrum has been RO
studied32 and the results are quite interesting in that the molecule does iiiis
not appear to be hydrogen bonded (Table 5). Extensive work by others on ;é;gg‘

® inert-gas, hydrogen halide complexes33 has suggested linear equilibrium t;_
= GRS
_%: structures with the hydrogen halide pointing towards the inert gas. The ;EE%E;
.E' H,8-Ar work suggests that induction and dispersion forces may well be the _;Egs
.f dominant intermolecular forces holding these weak complexes together, and E;;::;
g that a unique "hydrogen bonding" description is not applicable to these ;$5§
: R
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complexes, even though the inert-gas, hydrogen halide complexes have a
hydrogen bonded geometry. Comparisons with Ar-HZO, NZ-HZO and related
complexes will be interesting in this regard.

Vibrational Spectroscopy of Complexes:

In this project, we have observed CARS spectra for molecular beams of

19,20

HCN and co, cluster521, as illustrated by Figures 1 - 3. This

represents the first detailed spectroscopic study of such complexes by
coherent Raman methods. It is gratifying that the sensitivity has proven
sufficient to detect dimer species at very low dilution ratios (1% as in
Fig. 3) and relatively large X/D distances (~ 15). The success of this
work 1is quite encouraging and demonstrates that coherent Raman techniques
will be productive for this research. In what follows, the current
apparatus at Oregon State University will be briefly described along with a
discussion of our results.

The vibrational CARS spectra shown in Figures 1 - 3 were taken with a
Quanta-Ray Nd/YAG laser which provided a 532 nm pump beam consisting of 10
nsec pulses with 0.02 cm-1 width, ~ 70 mJ energy and 10 Hz repetition rate.
Half the output was used to pump a Quanta-Ray PDL-1 tunable dye laser with
0.3 or 0.05 cm-1 resolution modes. The pump and Stokes beams were

spatially separated and focused (300 mm focal length lenses) with a

crossing angle of ~ 1° at the jet position. Since the phase matching
condition,3A

- - -

k3 - 2k1 - k2
is no 1longer exact, some loss of CARS signal results. However, the

coherence length at this small crossing angle is roughly 0.5 cm, compared
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CARS spectra of the v, region of HCN in supersonic expansions of =
HCN/Ar mixtures. Peaks are labeled as M = monomer, D = dimer, 1860 1900 1940
T = trimer, and P = higher polymers. All spectra were recorded under sim- Wavenumbers
ilar expansion conditions (T, = 300K, X /D = 1, D = 0.13 mm} except for
the addition of successively higher pressures of Ar driving gas (bj~d). In

—

Wavenumbers

CARS spectra of the v, region of a 1:2 DCN/Ar expansion show-

;5 J‘-!‘.JA..‘..;"...' \) : LA ". {; ’xq ﬁ:':‘;’1~ n\ JNI

- . ing the effect of variations in the nozzle temperature T, S and L show the
spectrum (d) the regions labeled Sand L denote the position and FWHH of . . T o
v, in solid (78 K) and liquid {261 K) HCN (Ref.40). frequencies observed for solid and liquid DCN (Ref. 40).
:;: Figure 3
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The effect of concentration and pressure on the distri-
bution of cluster sizes. (a) %CO; = §, X/D = 2.1, To = 208K,
Po=12atm. (b)%CO3 =2, X/D =2.0,Ty =208K, Py =
14.6 atm. (c) %2C03 = 1, X/D = 1.8, Ty = 208 K, Py = 18 atm.
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to an approximately 0.1 cm long region at the focus which generates most of ;-45.':::
~ the CARS signal. Thus the reduction in sigﬁal is not severe and the _;.'J'\“;(‘
{: signal-to-noise ratio is actually improved by the greater discrimination "(‘g)?{
k against nonresonant scattering in the input lens and molecular beam chamber E‘iﬁ:
i? windows. The expansion chamber contained a pulsed nozzle molecular beam ;?3\!‘
Q source. Pump and Stokes energies at the sample were typically 1-3 mJ per .::.J;E
:; pulse respectively. Aftsr the cell, the beams were recollimated and the 2:1:?
N CARS signal was isolated with a dichroic mirror and one or more optical {:'!:::-:
R glass filters. It was then sent into a 0.3 m McPherson monochromator for E";':‘:E
further rejection of the 532 mnm 1light and was detected with a ;::?::
:l photomultiplier. After preamplification and gated integrator processing, | "-‘:(;-3
: the output was averaged for 10-50 shots and stored in a DEC Micro-11 E;:g_:.r
_' computer controlling the experiment. E::'E?j
2 For the initial work, HCN was chosen for the relative simplicity of fj%
R the linear molecule monomer spectrum, and additionally, some aspects gas ::i\,;
: phase hydrogen bonding in HCN are well known. Extensive vapor density data 5:5:’:
N has been taken and the thermodynamics of cluster formation analyzest. The ':::':""
:': rotational spectrum and structure of the dimer has been determined36. E:\.Eg
.‘ Although a substantial amount of matrix isolation infrared work has been :*-E:g.'
:: reported (see reference 20 for a listing of articles),l the only gas phase :'-:::
3 vibrational data for HCN polymers is a single gas phase dimer band in the ﬁ
S CN stretching region of the infrared spectrum37. In this work, Raman ,-::;é
i spectra for HCN and DCN polymers were observed in the monomer CH and CN ::-:':
N stretching regions using the CARS technique in conjunction with a molecular !,‘!
E beam sourcelg’zo. In addition, supplementary data was obtained using PARS }_‘_;\
S (photoacoustic Raman spectroscopy) and Fourier transform infrared .::f:
. techniques on static gas samples. -::—r
; T
% X
. : 11 R
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Sample spectra are shown in Figures 1 and 2 illustrating the ability
to select the amount of clustering by varying the nozzle source temperature
and stagnation pressure. The frequency data from these experiments is
summarized in Table 6 and a force constant model used to describe the
frequencies and intensities is given in Tables 7 and 8. These results are
discussed in detail in reference 19 and 20. The principal findings include
the observations that the observed frequencies and the force constants
derived from them show that very little perturbation of the CN bond results
from hydrogen bonding, consistent with the results of ab initio

calculationssa'ao.

As expected, the bonded CH stretch 1is much more
affected. The 6% change in diagonal force constant and the dipole
derivative increase implyed by the 30-fold IR intensity enhancement of Vi
are indicative of a substantial perturbation of the CH bond.

All evidence indicates that the hydrogen bonds are stronger in the
trimer than in the dimer. The CH frequency shifts of the trimer are
larger, approaching those of solid HCN where the hydrogen bond lengths are
significantly shorter than the gas phase dimer value. The IR vy intensity
enhancement relative to the monomer is much greater in the trimer (~500)
than in the dimer (~30), indicating a greater electronic change in the CH
bond. The trimer enhancement factor is very similar to the corresponding
solid/gas cross section ratio of -49041, suggesting a similarity to the
solid.

One of the interesting aspects of the present work is the
identification of the HCN trimer. The rotational envelope observed for the
IR Y1 trimer mode provides convincing evidence for a 1linear structure.

Other ,less direct, vibrational predissociation results on (HF);‘2 and

(1120)3“3 and their higher polymers, as well as electric deflection studies
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\ Table 6 oy
n‘ l‘-'?‘i
. . Summary of observed frequencies. 2uN

E —_ — - <

. Frequency shit  FWHH Method; o

‘:)' {em—") cm~)  {em™Y conditions Assignment -.":v-.i-
NN

AN DCN v, region ;;ﬁ:‘x,
f :: 1890.5 + 0.5 ~347 79404 CARS ; 100K T(+P) .
, 1900.3 4 0.5 -249 1t+1 CARS ; 150K D(+TY P00

1925.2 - Ref.31 ; 293K M

d HCN v, region :‘::":

3 2094.7 + 0.3 -21 18+3 IR ; 293K D oAl
' 2096.8 - - Ref.31 ; 293K M 2oF
- 2098.6 + 0.5 +18 28+05 CARS ; 100K P oy
~ 2100.2 + 0.5 +34 1441 IR ; 23K T I
> 2102.1+ 0.5 +53 26403 CARS ; 150K T ;:;\
. 2104.6 + 0.3 +78 26+03 CARS ; 150K D -

.1
HCN v, region . AL

3‘ 31439+ 06 — 1676 S4+4 CARS ; 100K P )
< 3160 + 6 —152 73+7 CARS ; 150K T{+PY :.Q.p
A 3246 +15 —65 ~60 CARS ; 150K DM .":;':5
N 331LS Ref31 ; 293K M -

N 23
- *The CARS frequencies and their associated errors refer to the band maxima which may differ from the actual ""‘4
’ Vol =0 J=0)by +(FWHH/2). e

: O
ey ¢ [ARAN
| Tab].e 7 A _-..':-.'
i . A
:.. Harmonic stretching force constants (N/M) for HCN complexes.* '.-:.r:
(n N
a Hafa

—211

. H-C=N NN
2 6244 1871 N
by -3 ~ 345 e
Y, H-C= N-—--H-C=N f',_"-:
he. (624.4) 1894 (11} $86.9 (1871) TaTe
~ (—345) (=345  (—349) HUGH

H-C s N—H-C = N— H-C= N ™~

0. (624.4) (1894) (11) 553.8 1896 (11) (586.9) (1871) e
1 ' \"\
15 “The CH-CN interaction constant is shown above, the bond stretching constants below the structure. Values ."\‘:n
: : shown in parentheses were held fixed. .;\':
¢ :g':h :
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Summary of normal coordinate caiculations.

Harmonic Calculated Shift Infrared Raman Mode
frequency frequency D-M,T-M intensity intensity description
(cm~?) {em™") (cm™') {Calc.) {Calc.) {PED %)
HCN
34412 3441.2 100 23 CH(9%5) — CN(5)
2128.7 2128.7 - 0.1 100 CN(94) + CH(6)
DCN
2703.3 2703.3 o s1 1 CD{68) — CN(32)
1952.1 1952.1 ] 91 CN(67) + CDI33)
HCN[1)--HCN[2)
- 34520 +109 98 21 CH1(%94)
3376.2 3376.0 —65.1 102 22 CH2(93)
2136.5 2136.7 +80 0.3 143 CNIi(89}
2126.6 21226 -6.1 0.2 60 CN2(88)
- 116.3 e HDBJ{98)
DCN[1]--DCN(2]
- 2724.5 +21.2 1 CD1(66) + CN1{33}
- 2673.8 —-295 53 2 CD2(63) — CN2(36)
o 1950.9 -3 8 123 CN1(63) + CD1{33)
1927.2 1929.4 -07 4 57 CN2(61) + CD2(35)
114.3 HB(98)
HCN[1]—HCN[2])--HCN[3]
343520 + 109 99 21 CH1(94)
. 3376.0 - 65.1 98 21 CH3{92)
3289.2 3289.7 - 151.4 103 20 CH2/91)
21340 2138.1 +94 0.6 223 CNI(64) + CN2(27)
2132.1 2131.7 +130 ) 02 24 CN2(58) — CN1{29)
- 2121.5 -172 0.1 59 CN3(86)
v 142.6 HB! — HB2
i 82.2 HB1 + HB2
DCN(1]-DCN[2]--DCN[3]
v 27245 +21.1 S0 1 CD1(66) - CN1(33)
B 2673.6 -29.7 46 2 CD3(63) — CN3i(36)
2635.2 —68.1 54 4 CD2(58) - CN2(41)
- 1950.6 -5 8 17 CN1(64) + CD1(34)
o 1930.4 =217 10 122 CN3(59) + CD3(33)
19174 1915.6 - 36.5 3 30 CN2(53) + CD2(38)
140.2 HBI1 - HB2
o 80.7 HB1 + HB2
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B

' ‘
?‘ for a number of species“’ point to cyclic structures for small n-mers with
2' n=3. HCN is somewhat unique in that the electron donating group is an sp
hybridized lone pair. For a cyclic geometry, the s orbital of the hydrogen
: atom would have poorer overlap with such a lone pair and it is reasonable
» that the 1linear trimer should be preferred, even at the expense of one
extra, but weaker, hydrogen bond.
A second study conducted under this project involved the structure of
' the CO2 dimer21, which has been the subject of considerable research,
including static gas <:e1145 and matrixaG infrared work, electric 3'.:3\
) A
' deflect:iona7’48 and infrared 1laser vibrational predissociation ;3-:2:
speccroscopyag. Despite this effort, the dimer conformation has been a IO
: matter of some controversy. In our work, the CARS spectrum of 002 clusters
.‘ in a molecular beam was examined in the v, region (Figure 3).  Comparison
: of this result with the gas phase infrared spectrum has shown that the rule &
o of mutual exclusion is operative for CO2 dimer. Thus an offset parallel ]
% C2h structure' is supported by this experiment. This work also illustrates
, the usefulness of having available complementary techniques such as Raman :‘J‘*'-:'
and infrared methods, since their differing sensitivities allow a maximum E;E}i
amount of information to be gained. IEE\E:
These successes have demonstrated the power of applying coherent Raman :\.‘:.‘:"
techniques to the spectroscopy of weakly bound complexes and a substantial S -;;:\,:‘s'
amount of information has been obtained in this work. It 1is clear, :&‘3
' however, that considerably more information will be found by improving the %“:
X resolution and extending the frequency range down to the intermolecular ;:"
mode region, typically below 500 cm'l. To improve the resolution to about é‘zii-'{
': 0.002 cm'l, we plan to use pulse amplified cw lasers to provide the E’?f_&fi
necessary power for CARS experiments while retaining the frequency :{‘:::
13 R
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stability (within the pulse transform limit) and single mode character of

cw lasers. In preliminary experiments on static samples, this level of
resolution has been achieved. It is important to note that since the peak
CARS signal is proportional to Au'z, substantial gains in Raman scattering
intensity will also be achieved.

For the second improvement, extending the CARS experiments to low
frequencies, rejection of pump and Stokes beams is a severe problem at
small Raman shifts. In the last few months we have been able to overcome
this problem using a folded BOXCARS50 arrangement in which the pump beam is
split into two components which are crossed at the sample in a plane
perpendicular to the Stokes beam. This three dimensional phase matching
scheme obviates the need for collinear beams and provides a method for
spatially separating the CARS signal from the source beams. By adding a
spatial filter and polarization rejection of part of the background light,
excellent spectra have been obtained for N2 jets down to zero shift (Fig.
4). Thus the low frequency region is now accessible by these methods and
this capability will be used to probe low frequency Raman active
vibrational modes and to obtain pure rotational Raman data, a feature of
special interest for nonpolar aggregates.

In addition to the coherent Raman techniques which we have developed,
we will briefly describe some important results concerning infrared
absorption spectroscopy of van der Waals complexes in molecular beams. In
work at Oxford University while one of us was on sabbatical 1leave (T.R.
Dyke, AY ’84-85), and 1in collaboration with B.J. Howard and J.S. Muenter,
we have developed techniques utilizing tunable infrared diode lasers to
obtain absorption spectra of these molecules.zz'za This method appears to

be a powerful one, as illustrated in Figs. 5 and 6 which show infrared
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Figure 4. Low frequency CARS spectra of neat NZ jets. T0-3OOK,
P0-10 atm, D=0.25 mm.
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Table 9

Infrared and Microwave
Transitions

2062.

7296.

2551

7363

1866

3158(3)

6(3.7)

.9(10)
1860.

5(14)

.36(9)
2552.

94(5)

L43(4)

78.3(8)
-74(9)
1.853(16)
-29.8(14)
-1.3(20)

-2

Infrared Transitions

2062,

7294.
2547.
1858.

7361.
2548.
1863.

Only
3157(4)

6(43)
8(24)
9(17)

0(72)
9(24)
1(21)

Ne-0CS double resonance of the RQ (2) infrared transition
with the 3

0 rotational transition of the
ground vibrationaz state.
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absorption and microwave infrared double resonance spectra.

In these experiments, pulsed molecular beams are used to provide high-
pressure free-jet expansions which are useful for forming even very weak
complexes such as the Ne:-0CS complex in Fig. 6. In addition, gated
detection of the infrared beam provides substantial reduction in the
effects of laser 1/f noise and a consequent gain in signal-to-noise ratios.
The infrared beam is passed transversely through the molecular beam,
typically with substantial multi-passing, and then exits to the detector.
The sampling is arranged close enough to the nozzle orifice (X/D ~ 30-50)
to provide a high enough density of absorbers, but far enough away to
provide rotational cooling to ~1 K, as evidenced in Fig. 5, with consequent
good signal-to-noise ratios and simplification of spectra. The linewidths
are then Doppler-limited to roughly 120 MHz (0.004 cm'l), depending on the
collimation of the molecular beam.

For cases where higher accuracy is necessary, e.g. to determine
centrifugal distortion constants, we have shown that microwave-infrared
double resonance experiments are possible, and linewidths as narrow as -200
kHz achieved (Figure 6 and Table 9). These double resonances experiments
depend on the thermal population inequality in the jet expansion source,
and are confined to the vibrational ground state. It should be possible to
extend this method to the upper state in the infrared transition, giving
more extensive spectroscopic information and also increasing the lifetime
region probed in experiments aimed at van der Waals molecule

predissociation dynamics.

Conclusion

In the above discussion, we have reported the results of our research
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using rotational and vibrational spectroscopy of weakly bound complexes and
the developement of powerful probing techniques for obtaining vibrational
spectra of complexes in molecular beams. The results of this work and
future research building upon it will make important contributions toward
determining the potential energy surfaces of weakly bound complexes and

should lead to important insights concerning intermolecular forces.
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